Seven Azospirillum strains induced more deformation of root hairs of wheat than did strains of Rhizobium leguminosarum, Azotobacter chroococcum, or Escherichia coli. Azospirillum sp. strain Sp245 caused the most deformation. Strain Sp245 (isolated from surface sterile roots of wheat) and strain Sp7 (isolated from the rhizosphere of a forage grass) were compared with regard to their effects on root hair deformation, their attachment to roots, and their effects on the growth of four wheat cultivars. The amount of deformation caused by the two strains in the four cultivars increased in the following order: cv. Tobari, cv. Tonari, cv. BH1146, cv. Lagoa. Strain Sp245 attached to the roots of all cultivars in low numbers, and attachment did not increase with time (up to 48 h). Strain Sp7 attached in higher numbers, and attachment increased with time. Inoculation of the four cultivars of wheat had pronounced effects on root mass measured at maturity. The magnitude of the effects in the four cultivars increased in the following order: Tobari, Tonari, BH1146, Lagoa; these effects were progressively more positive for strain Sp245 and progressively more negative for strain Sp7. Concentrations of N in wheat did not vary substantially between cultivars or strains. Concentrations of K and P did not vary substantially between cultivars but did vary between strains, Sp245 effecting increases and Sp7 effecting decreases.
The nitrogen-fixing Azospirillum species form intimate associations with grasses (20) . Substantial yield increases have been reported for various graminoid crops after inoculation with Azospirillum strains, but the responses have not been sufficiently consistent to warrant widespread use of Azospirillum inoculants; furthermore, the mechanisms of the plant growth response remain unclear (25) .
One of the outstanding questions concerning these associations is the degree of specificity between the host and the bacterial associate required for effective or beneficial association. Dobereiner and associates (2, 7, 29) reported differences between C-3 and C-4 type plants with regard to the composition of the bacterial population recovered from surface sterile roots. Azospirillum lipoferum was the predominant isolate obtained from C-4 plants except cane, and Azospirillum brasilense was the predominant isolate from C-3 plants and cane. Nitrite reductase-negative (not producing gas from nitrite) and low-level-streptomycin-resistant strains predominated in both types of plants. Such differences were not found for bacterial populations recovered from untreated roots. Similar host plant preference has not been noted in temperate regions (12, 18) . Plant growth responses have been obtained by inoculation with nonhomologous strains in some instances (17, 32) . In others, specially selected homologous strains (isolated from the same host as that to be inoculated) were used (14, 27) or gave better responses than did nonhomologous strains (1).
Patriquin et al. (25) reported a strain-specific effect of Azospirillum species on root hair deformation in wheat. Two types of deformations were documented: (i) "tuning forks" (branched root hairs in which branches are of equal length) and (ii) unequally branched root hairs. In laboratory systems, homologous strains induced formation of more tuning forks than did nonhomologous strains, and no tuning forks were found in uninoculated plants. Strains which caused * Corresponding author. most tuning forks in the laboratory also effected the greatest increase in plant N in a separate field experiment (1) . In this study, we (i) extended these observations to include more Azospirillum strains and non-Azospirillum species and other wheat cultivars, (ii) examined the attachment of two Azospirillum strains to wheat seedlings, and (iii) studied the effects of different strain-host combinations on growth of plants in pots. Inoculation experiments were conducted in a greenhouse with moderate levels of N, P, and K. Yield responses in the field are generally greatest at intermediate levels of fertilization (16, 32) .
MATERIALS AND METHODS
Seeds and cultures. The seeds of all wheat cultivars used and the cultures of Azospirillum species were provided by J. Dobereiner, 23460 Seropddica, Brazil. Azotobacter chroococcum 9043, Rhizobium leguminosarum 10044, and Escherichia coli 055:K99 were purchased from the American Type Culture Collection.
Germination and inoculation of seedlings. Seeds were surface sterilized by immersing them in 95% ethanol for 30 s followed by 25% commercial bleach in water for 15 min. They were then washed four times with sterile water and left in the last change of water for 4 h. Obviously infected or broken seeds were removed, and the seeds were again treated with 25% commercial bleach for 15 min and washed four times with sterile water. The treated seeds were germinated in the dark at 30°C on sterile water agar plates. Azospirillum strains were grown in Nfb liquid medium (6) supplemented with 1 g of NH4Cl per liter, E. coli in nutrients broth, and R. leguminosarum and Azotobacter chroococcum in Rennie's liquid medium (28) Examination of subcultured strain for evidence that it was not a contaminant. Subcultured and nonsubcultured strains of Azospirillum brasilense Sp245 were compared to ascertain whether the former might be a contaminant. Cells were examined by using phase contrast microscopy, and nitrogenase activity was measured by the acetylene reduction technique, 2 days after inoculating semisolid Nfb medium (6) with a loopful of the culture in question. Cultures were streaked onto Nfb enrichment medium in plates amended with congo red (30) . Since strain Sp245 is resistant to 20 jig of spectinomycin per ml (1), the resistance of both the strains to spectinomycin was compared by streaking on nutrientrich agar plates of the following medium: Bacto-peptone, 10 glliter; yeast extract, 5 g/liter; NaCl, 0.5 g/liter; agar, 15 g/ liter; and spectinomycin, 20 ,ug/ml (pH 7). After 48 h of incubation at 30°C, the growth of the cultures was recorded.
Adsorption studies. Wheat seedlings (24 h old) were transferred to petri dishes containing water (15 ml per 9-cm plate). Late-log-phase Azospirillum cells were washed twice with chilled phosphate buffer (0.05 M, pH 7). Suspension (5 ml containing 5 x 108 cells per ml) was added to plates 48 h after transfer of the wheat seedlings to the plates. The inoculated seedlings were incubated in the dark at 28°C. Samples of roots were taken at 2, 6, 24, and 48 h after inoculation and gently washed twice with phosphate buffer. Cells remaining in physical contact with the walls of root hairs were counted by a direct microscopic method (5 (1) and is therefore considered to be invasive (24) . Strain Sp7 was isolated from untreated roots of Digitaria decumbens (4) and is considered to be a rhizosphere strain. The two strains were tested for their effects on root hair deformation in seedlings of four wheat cultivars. The absolute numbers of tuning forks formed differed between strains, but for both the strains, the number of tuning forks decreased in the four cultivars in the following order: Lagoa, BH1146, Tonari, Tobari ( Table 2) .
Effect of subculturing strain Sp245 on its root hair-deforming properties. Because tuning forks were not formed in wheat seedlings inoculated with A. brasilense Sp245 after it had been subcultured for seven months, we compared the subcultured strain with the original strain which was held under oil. The subcultured strain was found to be identical to the original strain in cell shape, motility, pellicle formation, acetylene-reducing activity, uptake of congo red from Nfb plates, and resistance to spectinomycin. Strain Sp245 is distinguished from other strains by its resistance to spectinomycin (1 (Table 3) .
Inoculation effects. Inoculation of the four cultivars of wheat had pronounced effects on root mass measured at maturity ( Table 4 ). The magnitude of the effects on the four cultivars increased in the following order: Tobari, Tonari, BH1146, Lagoa; these effects were progressively more positive for Sp245 and progressively more negative for Sp7 (Table 4) . Susceptibility of seedlings of these four cultivars to root hair deformation increased in the same order (Table  2 ). There were less pronounced effects on other yield components and no clear trends between cultivars. However, in all except one instance, the yield of stems or grains was lower in plants inoculated with Sp7 than in plants inoculated with Sp245 (P = 0.03 by the binomial theorem).
The total nitrogen contents of grains, stems, and roots were determined for all four cultivars; K and P contents were determined for cultivars Lagoa and Tobari (Table 5) , the varieties giving the greatest and smallest yield responses, respectively. There were no consistent differences between varieties or strains with regard to N concentration. There were no consistent differences between varieties with regard to P and K in roots, stems, and grains; however, there were consistent differences between plants inoculated with different strains. P and K were higher in plants inoculated with Sp245 in 11 of 12 instances (P = 0.003). Roots exhibited larger increases in percent P and K than did stems or grains in response to Sp245. Inoculation with Sp7 resulted in lower P and K concentrations in most cases (Table 5) . Excised root nitrogenase activity was assayed periodically. No nitrogenase activity was detected before flowering. Low levels of immediate, measurable nitrogenase activity at flowering were detected in all the cultivars inoculated with Sp245 (3.2 to 10.8 nmol g-1 day-') . No activity or very low activity was observed for cultivars inoculated with Sp7 (0 to 1.0 nmol g-1 day-'). Long-term nitrogenase activity was also higher in roots from plants inoculated with Sp245 than plants inoculated with Sp7 in 7 of 8 instances (P = 0.03). Nitrogenase activity did not vary substantially or significantly between cultivars.
DISCUSSION
These results confirm earlier ones (25) indicating that there is a strain-specific effect of Azospirilluim spp. on root hair deformation in wheat. Like the strain-specific effect of Rhizobium spp. on lower categories of root hair deformation in legumes (branching and moderate curling) (34) , the strainspecific effect of Azospirillum spp. was qualitative and quantitative in nature and varied quantitatively between experiments.
Attachment of Rhizobium spp. to the roots of legumes is believed to be an important aspect of the recognition process. Dazzo et al., for example (5) , reported that homologous, but not nonhomologous, strains attached to the root hairs of clover in high numbers. Umali-Garcia et al. (33) reported much greater attachment of Azospirillum than of non-Azospirillum strains to the roots of pearl millet. We observed pronounced differences between two Azospirillum strains in their attachment to the root hairs of wheat. Strain Sp245 exhibited low attachment which did not change substantially with time, whereas strain Sp7 exhibited much higher levels of attachment which also increased with time. Results of the inoculation experiments suggest that the frequency of root hair deformation effected in seedlings by Azospirillum spp. is a predictor of the magnitude of plant growth response to inoculation but not of the direction of plant growth response (i.e., positive or negative). In regard to both root hair deformation and root mass, the magnitude of response to inoculation appears to be determined primarily by the host genome at the cultivar level. The direction of the response, on the other hand, was determined largely by the bacterial genome at the strain level. The host cultivar appears to have little effect on nutrient concentration, but the bacterial genome was important in this regard.
Yields per plant were not high, amounting to less than 1 g per plant, and there was no tillering. This might be due to the adverse photoperiod or other climatic factors related to unusual environment for these Brazilian varieties. It is probable as well that under field conditions, in which root growth is more likely to be limiting than it is in pots, there would be larger differences between treatments in aboveground yield components. The effects on root growth and nutrient concentration in roots support the contention of Okon (21) that above-ground yield responses are related to the effects of Azospirillum spp. on root development and specific rates of nutrient uptake. The precise mechanisms of such effects are unknown (25) although the involvement of hormones is suspected.
Although plants inoculated with strain Sp245 had higher excised root nitrogenase activity than plants inoculated with Sp7, we believe that the benefits resulting from Sp245 were not due to N2 fixation because (i) plants inoculated with Sp245 did not have higher percent N, and (ii) increased root mass was not due to N2 fixation because nitrogenase activity did not develop until flowering, when root growth largely ceases (8) . Nitrogen fixation during flowering may contribute to increased N accumulation and grain yield in other situations (1, 15, 21) . Excised root nitrogenase activity is not a good indicator of in situ nitrogenase activity (23) ; it may, however, reflect invasion of roots by Azospirillum spp. (3, 19, 26) . Invasiveness may be a prerequisite for positive effects although it remains to be confirmed or not that Sp245 invaded the roots in these experiments.
These experiments illustrated the pronounced effects of the host and bacterial genomes on root hair deformation and root development. Attachment properties appeared to be affected only by the bacterial genome at the subspecific level. If benefits from inoculating plants in the field are due to effects, such as we observed, on root growth and nutrient uptake, then the lack of benefits in many instances might be due to inappropriate host-strain combinations, loss of beneficial properties of the strains during subculturing, or their being of no advantage to enhanced root growth.
